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Abstract
The present study emphasizes on structural, opto-electronic, vibrational and non-linear

properties, at electronic structure level, on 4-fluoro-4-hydoxybenzophenone molecule
using the first principle calculation. Detailed vibrational assignments of the wavenumbers
are carried out on the basis of potential energy distribution and a good agreement
between the reported and calculated wavenumber has been observed. Further, molecular
electrostatic potential surface predicts<the.reactive site of the molecule. From the time
dependent density functional theory.analysis on UV-visible spectra, a red shift has been
observed on maximum absorption. wavelength when gaseous medium is replaced by
solvent medium. The nonlinear optical property of the 4-fluoro-4-hydroxybenzophenone
molecule shows that this molecule possesses large nonlinear optical properties which

might make it useful for various nonlinear optical applications.

KEYWORDS: 4-fluoro-4-hydroxybenzophenone; density functional theory; chemical

reactivity; nonlinear optical properties; vibrational spectroscopy

INTRODUCTION



In 1865 the structural studies of Benzophenone were done by Linneman [1] after the
successful synthesis of this material. The stable orthorhombic phase and melting point
(48 - 48.5 °C) of the Benzophenone molecule was also reported by Linneman.
Benzophenone and its derivatives have gained significant attraction to the researchers in
present days due to their enormous application in various fields. Investigations on the
structure of benzophenone molecule have been a subject of great interest because of the
existence of polymorphism on this molecule and its transformation from metastable
phase to stable phase [2]. The stable phase benzophenone molecule is found to be a
promising material for crystal-growth experiments [2]. Another fascinating characteristic
of the benzophenone molecule is that it exhibits large Raman shifts of more than 3000
cm™ and can be regarded as a suitable candidate for Raman laser application [3].
Benzophenone molecule and its derivatives are widely used for the purpose of blocking
of ultraviolet (UV) radiation and in'sunscreen products because of their ability to absorb
UV rays in great extent [4]. It is also used in some major industrial applications such as in
manufacture of insecticides [5], in.cosmetic products [6], anticancer agent [6], anti-aging
products [6], additive for plastics and coatings [7]. These molecules also found their
importance in biological applications as photo-physical probes in order to identify the
map-protein interaction [8-9]. Further, due to non-centrosymmetric structure,
benzophenone molecule may be used for the fabrication of nonlinear optical materials

[10-17].

A large number of investigations have been performed recently in order to study

structural, electronic, polarization characteristics and vibrational spectra of benzophenone



derivatives [2-4, 18-19]. Vibrational modes of benzophenone/substituted benzophenones
have also been discussed by various researchers in different phases such as vapor, liquid
and crystals [20-23]. Several spectroscopic, polarization absorption properties and UV
electronic transition studies of halogen and methyl substituted benzophenone have been
reported in the literature [24-28] from time to time. The introduction of a substituent
group in benzene rings results a change in charge distribution of the molecule.and
consequently influence various properties such as structural, electronic.and vibrational
assignments [19]. Elements like F, Cl, and O have large electronegativity:value as a
consequence of which they show high electron withdrawing capability. When these
elements are used as substituent in aromatic molecules.chemical reactivity profile, as well
as excitation energies of aromatic molecule and its substituted one, differ with each other
[19]. Computational methods are widely used for interpreting and assigning experimental
infrared or Raman spectra [29-30]. A combinations of various theoretical calculations
such as infrared (IR), Raman and UV-Vis spectra provides valuable structural

information of the system concerned.

In the present work, substitution in the benzophenone molecule has been done by
introducing fluorine atom and hydroxyl group. Theoretical investigations have been
carried out on 4-fluoro-4-hydroxybenzophenone molecule (4F40OHBP) to observe the
extent of influence of substitution on the structural parameters (bond length, bond angle
and dihedral angle), electronic properties (molecular orbital energies, energy gap),
chemical reactivity profile (chemical potential, chemical hardness, electrophilicity index)

and nonlinear optical properties (dipole moment, polarizability and hyperpolarizability).



Theoretical UV-visible spectroscopic analysis and vibrational analysis of the 4F40HBP
molecule have been performed. The vibrational assignment of the molecule under study
is compared with the previous theoretical findings. A comparison is also made between
theoretically predicted Infrared (IR) and Raman spectra with that of available

experimental data taken from SDBS database [31].

COMPUTATIONAL METHODS
The geometry optimization of the molecule has been achieved by.using HFand DFT
schemes. All calculations have been performed using Gaussian 09 package. Various
functionals such as B3LYP, B3PW91, CAM-B3LYP and 6-311++G(d,p) as basis set [32]
have been used for the calculation. The TD-DFT and frequency calculations have also
been carried out using the same level of theory as that of geometry optimization and the
absence of imaginary frequency confirms the minimum potential energy surface of the
structure. The visual presentation of the vibrational assignments of the computed
wavenumbers is achieved using animation option of GAUSSVIEW program [33]. The
potential energy distributions (PED) of normal modes are determined using GAR2PED

software package [34].

The global reactivity parameters such as chemical potential [35], chemical hardness (1)
[36], and electrophilicity index (w) [37-38] are calculated using the given relations;
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where | and A are the ionization energy and electron affinity respectively.
IR intensities (I;) and Raman activities (S;) are calculated using B3LYP, B3PW91 and
CAM-B3LYP functionals. The Raman activity can be converted to Raman intensity (R;)

using the relation obtained from the basic principle of Raman scattering [39]

where v, is the frequency of the incident radiation for excitation, v, is the wavenumber
of vibrational modes, h, c, k are the universal constants and f is the normalization factor

for all the intensities.

RESULTS AND DISCUSSION
Structural Properties
The total-energy with zero-point vibrational energy correction of the compound using
HF; B3LYP, B3PW91 and CAM-B3LYP functional are -746.882, -751.300, -750.999, -

750.944 Hartree respectively.

Among the four methods, B3LYP functional shows lowest energy compare to other three

functionals considered here. The optimized geometry of the molecule with atom



numbering scheme is shown in Fig. 1. The bond lengths between various C-C bonds
within the benzene ring are not equal. The bond lengths C1-C2, C6-C1, C14-C15, C14-
C19 in the benzene ring appears to be a little larger and the bond lengths C3-C4, C4-C5,
C15-C16, and C18-C19 are shorter than the regular hexagonal symmetry of the benzene
ring. The deviation of the regular hexagonal symmetry of the benzene ring is also
obvious from the decrease in values of the bond angles C2-C3-C4, C4-C5-C6; C14-C15-
C16 and increase in C3-C4-C5, C1-C2-C3, C5-C6-C1 and C16-C17-C18.With the
substitution of fluorine and hydroxyl group on the carbon atoms of the benzene rings, the
variation of bond lengths and bond angles in the benzene rings takes place and this is
attributed to the change in charge distribution of the carbon atoms of the benzene rings. It
is observed that various bond distances and bond angles of the compound are nearly
found to be same at B3LYP and B3PW91 level of theory but the magnitude is slightly
higher in case of B3LYP method. Also the values obtained using these two methods are
close to the experimental ones. The structural parameters such as bond lengths, bond
angles and dihedral angles between different atoms of 4F40OHBP molecule are tabulated
in Table 1 and the results obtained are compared with the available experimental values
of the same type of compounds, namely, benzophenone [23] and 4,4-
dimethylbenzophenone [40]. On comparing the theoretical and experimental results of
the present study, it is observed that the theoretical results are slightly overestimated.
This may be due to the fact that the experimental and theoretical values are for two
similar but essentially different molecules, besides the difference of isolated gas phase
structure [41-42] and condensed phases. It has been noticed that the dihedral angle

between the two benzene rings (C6-C1-C14-C19) in gas phase is found to be 51.91°



which is in close agreement with its normal value of 54.00° for the unsubstituted
benzophenone [43]. But in solvent phase, the dihedral angle value slightly increases

compare to that in the gas phase (Table 2).

The C-H bond length in pure benzophenone is 1.08 A but the (C-F) bond length is found
to be 1.35 A when H atom is replaced by F atom. The dihedral angle between:two
benzene rings slightly decreases in case of fluorine substituted benzophenone structure
(53.27°) compare to unsubstituted one. The introduction of hydroxyl'group-into pure
benzophenone structure increases the bond length to 1.36 A and it also decreases the
dihedral angle between two benzene rings to 52.35° compare to pure benzophenone. The
bond angle between carbons atoms (C3-C4-C5) in the phenyl ring I of fluorine
substituted benzophenone is higher than the normal.value (120.00°) and it is due to the
electron withdrawing nature of the fluorine atom. However, the bond angle (C16-C17-

C18) in the phenyl ring Il is not so much affected by the substitution of hydroxyl group.

Electronic Properties

Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMOQ).are considered to be very essential parameters to study the electrical and optical
properties of molecule. The energy gap (ELumo-Enomo) IS an important stability index
which helps to characterize the chemical reactivity and stability of the molecule [44] via
maximum hardness principle (MHP) [45]. The spectroscopic properties of a system
strongly depend on the energy gap of the system. The lower value of energy gap clearly

explains the intramolecular charge transfer interactions taking place within the molecule,



which affects the bioactivity of the molecule [46]. A molecule with high energy gap is
termed as hard molecule and is difficult to polarize because it needs more energy for
excitation whereas a molecule with a low energy gap is easy to polarize and relatively
more reactive than chemically hard ones as it can easily offer electrons to an acceptor
[47]. The calculated ground state energy gap of the molecule is 4.717 eV (Table 3), using
B3LYP/6-311++G(d,p) method, showing minimum energy gap among all the
functionals. The chemical reactivity descriptors play a significant role to-study the
reaction pathway [48], some excited state phenomena [49-52] and-also used as an
effective tool for toxicity analysis [53-54]. The chemical reactivity parameters of the
molecule are presented in Table 3. The reactivity parameters.include ionization potential,
electron affinity, chemical hardness, chemical potential, and electrophilicity index which
are described here in terms of molecular orbital theory. The chemical hardness of pure
benzophenone molecule is found to be 4.904 eV (Table S1) and the value decreases to
4.717 eV due to the substitution of fluorine atom and hydroxyl group. The smaller value
of chemical hardness in case of substituted benzophenone indicates that the chemical
stability of the system decreases and thus the system becomes more reactive. The 4-
fluoro-4-hydroxybenzophenone molecule possess higher polarizability compare to its
pure counterpart which correlates the maximum hardness principle (MHP) [45] with the
minimum polarizability principle (MPP) [55]. A number of theoretical studies reveal that
electrophilicity is a reliable reactivity descriptor of quantum chemistry [56-57] and it is
also a good indicator of stabilization energy [58]. Parr et al. defined [38] electrophilicity
index as the measure of energy lowering associated with the maximum amount of

electron flow between two species and therefore, represents the collective electrophilic



nature of a molecule. However, as per the Koopmans’ theorem [59] E, umo is related to
the electron affinity (A) of a molecule and, as such, characterizes the susceptibility of a
molecule for attack by nucleophiles. Though, the elctrophilicity index () and electron
affinity (A) are not actually same, but are strongly correlated quantities, as both of these
quantities measure the propensity of electron intake [60]. In case of electrophilcity,
fractional amount of electron transfer is possible but in case of electron affinity only one
single electron transfer occurs. The electrophilicity of the substituted benzophenone
increases significantly compare to pure benzophenone which again confirms the decrease
in chemical stability in accordance with the minimum electrophilicity principle (MEP)
[61]. As 4-fluoro-4-hydroxybenzophenone molecule is less stable than unsubstituted
benzophenone it will show higher tendency to accumulate additional electronic charges
from the surroundings. From the Table 3, it has been noticed that among the considered
functionals, the highest value of electrophilicity index of the 4F4OHBP molecule is
obtained using B3LYP functional with a magnitude of 2.071 eV. The chemical potential
() is generally defined as the negative of electronegativity (y) and it describes the
tendency of gaining electrons towards the molecule. Electrons generally flow from low
electronegativity to high electronegativity region until the electronegativity value of the
constituent system neutralizes. The magnitude of chemical potential for 4F4OHBP

molecule.is-4.421 eV when determined using B3LYP functional.

Some important molecular orbitals (i.e. HOMO-1, HOMO, LUMO, and LUMO+1) of the
4F40HBP molecule have been described here, as shown in Fig. 2. The molecular orbital

figures reflect that HOMO is mainly localized over the O atom of the carbonyl group,



phenyl ring (phll) and the hydroxyl group connected to phll. On the other hand, LUMO
is almost spread over the entire molecule except the H atom attached to the hydroxyl
group and some of the H atoms of the phenyl rings (phl and phll). However, in case of
HOMO-1, electrons are localized mainly over phenyl ring (phl) connected to fluorine
atom, some part of the phenyl ring (phll) attached to the hydroxyl group, O atom of the
hydroxyl group and carbonyl group, while in LUMO+1 electrons are found to be
localized almost over entire molecule except for hydroxyl group, carbonyl group and F

atom.

Molecular Electrostatic Potential

Electrostatic potential (ESP), electron density (ED) and molecular electrostatic potential
(MEP) surface are plotted, as shown in‘Fig. 3 to predict the possible reactive sites for
electrophilic and nucleophilic attack of the investigated molecule, which is a useful tool
for investigating the reactivity profile of the molecular species. The ED plot of the
studied molecule shows a uniform electron distribution. From the ESP plot (Fig. 3 (b)) it
has been noticed that the localization of negative ESP dominates over the entire molecule
and it is also obvious as there is a correlation between ESP and electronegativity. In the
MEP plot blue color represents the maximum positive region where the nucleophilic
attack takes place whereas the yellow region represents the site of electrophilic attack
with the maximum negative region. In our studied molecule, it has been found that the
most electrophilic region is near the O13 atom which is the dark yellow region in the
MEP plot (Fig. 3 (a)) whereas the yellowish color near the O25 and F9 atoms represent

the region of less electrophilicity of the molecule as compared to O13 atom. The
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hydrogen atom (H22) attached to the hydroxyl group corresponds to the most positive
region of the molecule which is the blue colored region. Herein lies the importance of
MEP that it simultaneously displays not only molecular size, shape but also shows the
electrostatic potential regions (positive, negative and neutral regions) of the molecule
under analysis. Different types of colors are used to represent different values of
electrostatic potential at the surface of the molecule and the potential increases following
the trend, red < orange < yellow < green < blue. The ESP figure also confirms that the

negative regions were found around O13 atom of the C=0 group.

Nonlinear Optical Properties

In recent years search of new type of material showing efficient nonlinear optical
properties became an emerging topic to'the researchers. Nonlinear optical materials are
vastly used in optical data storage, optical communication, optical switching, optical
modulators and in signal processing technology [62-64]. Dipole moment, polarizability
and hyperpolarizability etc. are important optical response properties of organic
molecule. Since NLQO properties are structure-sensitive, NLO properties may be studied
[65] to get insight.of the molecular structure. There has been numerous investigation for
molecules with large hyperpolarizabilities ( ) which arise due to the intermolecular
charge transfer of the m-conjugated electron cloud from an electron donor to electron
acceptor group. In our present study, the electric dipole moment, molecular polarizability,
anisotropy of polarizability and first hyperpolarizability of 4F40OHBP molecule are

studied.
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The higher magnitude of dipole moment, polarizability, and first hyperpolarizability are
important factors of a molecule for designing a material which exhibits better NLO
performance. The dipole moment, polarizability, and first hyperpolarizability values are
presented in Table 4. The dipole moment, polarizability, and first order
hyperpolarizability values calculated using B3LYP functional are found to be 1.171
Debye, 1.403x10% e.s.u., and 7.226x10™° e.s.u. respectively. The magnitudeof the Z-
component of the dipole moment is found to be highest with the value 1:127 Debye and it
was expected due to the orientation of the molecule, while it is lowest along X-direction
(0.076 Debye). The molecular polarizability computed with B3LYP functional of the
molecule is mainly attributed due to a,, component of polarizability. Using the same
functional, it is found that longitudinal component 3,2, mainly contributes to the first
hyperpolarizability of the molecule, which.reflects that considerable delocalization of
charge has taken place along the given direction. Urea is generally used as a reference
molecule for comparative study of nonlinear optical properties. The values of dipole
moment, polarizability and first order hyperpolarizability of urea is recorded to be 1.373
Debye, 3.735x10" es.u., and 0.337x10™° e.s.u. respectively. In the present work, it is
noticed that the ‘calculated dipole moment of the molecule under study is nearly same as
that of urea whereas polarizability and first order hyperpolarizability are 3.76 and 21.4
times greater than that of urea, as obtained using B3LYP functional with 6-311++G(d,p)
basis set. The large value of hyperpolarizability of the 4F4OHBP molecule ensures that

this molecule may be recommended for future nonlinear optical applications.

Optical Property (Uv-Visible Absorption Spectra)

12



The UV spectroscopy is used to understand the nature of electronic structure and various
electronic excited states of the molecules and also to check whether the compound is
showing NLO properties or not. The calculated excitation energies (E), oscillator
strengths (f), wavelengths (A) and their major contribution for the transitions are shown in
Table 5. The UV-Visible spectra in gas and solvent phase of 4F40HBP molecule are
shown in Fig. 4. The TD-DFT calculation reveals that intense electronic transition.is
observed in gas phase at wavelength 286.6 nm (Fig. 4(a)) having oscillator strength 0.287
with the corresponding electronic transitions from HOMO—LUMO (60%)-and HOMO-
1—-LUMO (28%). In case of dimethyl sulfoxide (DMSO), electronic transition is
observed at wavelength 302.4 nm (Fig. 4(b)) with oscillator strength 0.388 and
significant absorption peak is observed due to the'electronic transitions HOMO—LUMO
(66%) and HOMO-1—LUMO (20%). However, when chloroform and ethanol are used
as solvent, electronic transitions are observed at wavelength 298.9 nm (Fig. 4(c)) and
301.2 nm (Fig. 4(d)) having oscillator strength 0.387 and 0.368 and the related electronic
transitions are HOMO—LUMO (68%), HOMO-1—LUMO (20%) and HOMO-
1—-LUMO (19%), HOMO-—LUMO (67%) respectively. These electronic absorption
corresponds to the transition from ground state to first excited state and is mainly
described by one electron excitation from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO). It has been observed that
the wavelength associated with the intense absorption peak increases as we move from
gas phase to solvent phase which indicates the occurrence of red shift of highest peak in

absorption spectra. With increase of solvent polarity, the absorption wavelength shifted
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towards higher wavelength side i.e. red shifted. The probable source of red shift of

absorption wavelength in the selected solvents is may be due to solvent polarity.

Vibrational Analysis

A detailed study of fundamental modes of vibration of 4F40HBP molecule has been
done. According to the theoretical calculation, 4-fluoro-4-hydroxybenzophenone
molecule has C; point group symmetry. The molecule has 25 atoms which provide 69
fundamental modes. The simulated vibrational frequencies have been compared with FT-
IR and FT-Raman frequencies obtained from SDBS web site [31]. A'comparison is made
between the vibrational frequencies calculated using different functionals with the
experimental one and the result reveals that the theoretical frequencies are slightly higher
than the experimental ones for most of the.vibrational modes. This is happening due to
the neglect of anharmonic terms and.also due to combined effect of electron correlation
with the basis set deficiencies. In order to make a good agreement with the experimental
frequencies, it is mandatory to scale down the calculated harmonic frequencies as a result
of which root mean square deviation between the actual and theoretical result is
minimized. The scaling factors used for scaling down the unscaled frequencies are 0.905,
0.961, 0.957, and 0.980 for HF, B3LYP, B3PW91, and CAM-B3LYP functionals
respectively [41, 66-67]. The experimental FT-IR and FT-Raman frequency, theoretical
vibrational frequency computed with HF, B3LYP, B3PW91, and CAM-B3LYP
functionals, along with percentage of potential energy distribution (PED) is provided in
Table 6. The significant vibrational assignments and PED of the studied molecule

obtained using B3LYP functional and 6-311++G(d,p) basis set are described here. The
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normal mode vibrations are usually well explained by the PED which is measured as the
relative contribution of each displacement coordinate with respect to the total change in
the potential energy during the normal vibration [68]. The PED method is also used for
determining the combination of various modes present together in a normal vibration but

the most significant mode is that which contributes to the maximum PED [19].

In case of aromatic compounds, carbon-hydrogen (C-H) stretching vibrations. normally
occur at 3000-3100 cm ™ [41, 69]. In case of our molecule, the high intensity C-H
stretching vibrations are observed in the frequency range 3032 t0:3082 cm™. The
asymmetric stretching vibrations are observed at the wavenumbers lying between 3032
and 3070 cm™ and also at 3080 cm™ whereas symmetric stretching modes are observed at
the wavenumbers of 3074, 3077 and 3082.cm™.. These stretching vibrations contribute
near about 96% of the potential energy distribution (PED). Among the calculated modes,
some of the C-H stretching modes are in good agreement with the experimental results of
the examined species (Table 6). Literature data reveals that in-plane C-H bending
generally occurs in the range 1000-1520 cm™ for the substituted benzenes, whereas the
out-of- plane bending falls:between 700-1000 cm™ [19, 70]. From our results the C-H in-
plane bending vibrations are identified at 1077, 1085, 1130, 1145, 1149, 1196, 1270,
1282, 1315,1379, 1403, 1472, 1479, 1573 cm™ and the C-H out-of-plane bending
vibrations fall at 791, 793, 801, 822, 837, 933, 934, 947, 952 cm™. These assigned
vibrations determined theoretically matches well with the previous results [19, 70] except
some in-plane C-H modes which are shifted towards higher frequency range. This shift

may probably occur due to the presence of high electronegative elements (F and O)

15



connected to the phenyl ring (phl and phll). The highest PED is obtained at wavenumber
1270 cm™ (84%) in case of in-plane bending whereas out-of-plane vibrations have PED

of 95%, found at wavenumber 801 cm™.

The carbonyl stretching vibrations are usually expected in the frequency region 1660-
1740 cm™ in case of benzophenone [19]. The sharp intense C=0 stretching vibration in
the Raman spectrum is occurring at 1650 cm™* for benzophenone [23]. The
experimentally reported values of our studied molecule reflect a very strong band at 1637
cm * in the FT-IR spectroscopy and at 1631 cm ™ in the case of FT-Raman spectroscopy,
which are assigned as C=0 stretching vibration. In present case, a strong intense C=0
stretching vibration corresponding to a frequency of 1639 cm™ has been noticed and
found that 73% of PED is contributed by this stretching vibration. The theoretically
calculated frequency is slightly more than the experimentally observed value of C=0
vibration. The reason of this underestimation may be due to the conjugation of C=0 bond
with the aromatic ring which may increase its single bond character, resulting in a lower
value of carbonyl stretching wave numbers [71]. The frequency associated with the C=0
in-plane bending vibrations determined theoretically are found to be at 355, 566 and 905
cm™ and.that of out-of-plane vibrations at 752 cm™. The majority of the assigned C=0
in-plane and out-of-plane vibrations are in good agreement with the experiment as well as
with the literature data [19, 24]. The highest PED contributed by C=0 in-plane vibrations

is around 23%, whereas 19% of the PED is attributed by out-of-plane C=0 vibrations.
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The C-F stretching vibrations for fluoro-benzenes are usually found in FT-IR spectra and
it appears in the range 1000-1300 cm™ [72-73]. For the studied molecule, the C-F
stretching vibration is observed at 791 and 1196 cm™. The C-F in-plane bending vibration
modes for the mono-fluorinated benzene are normally observed at 250-350 cm™[74]. The
frequency ranges of out-of-plane C-X (X=ClI, F, Br) vibrations of substituted benzene
falls between 140-350 cm™ [70]. For the molecule considered in this work, the C-F in-
plane bending modes are noticed in the wavenumber range 302-402 cm™,while the out-
of-plane vibrations are obtained at wavenumbers 148, 193, 483, 537 cm™..But except the
vibration observed at 483 cm™, the rest of the vibrations contribute negligible amount to
the PED. Most of the theoretically calculated in-plane and out-of-plane C-F assignments

are consistent with the earlier reported values [72-74].

The O-H stretching vibrations occur starting from medium to strong intensity in the
infrared spectrum and weak in the case of Raman spectra. The band is generally observed
in the region around 32003650 cm™ [68, 75-77]. Experimental data of the concerned
molecule (4F40HBP) reveals that the characteristic peak is observed at 3224 cm™ in FT-
IR spectrum. The theoretical vibrational assignments confirm that the O-H stretching
vibration.is observed at wavenumber 3681 cm™. It is also clear from PED that the
hydroxyl stretching vibration is a completely pure mode as it contributes 100% to the
PED. The in-plane O-H deformation vibration usually appears as a strong band in the
region 1260-1440 cm™ of the spectrum [70, 77], which gets shifted to higher wave
number in the presence of hydrogen bonding. The theoretical calculation predicts that in-

plane bending of the phenolic hydroxyl group (phll) is observed at 1145 and 1315 cm™.
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The experimental data shows that FT-Raman spectrum is assigned at 1283 cm™ and FT-
IR spectra are observed at 1360, 1444, 1513 cm™ for hydroxyl in-plane bending vibration
of 4F4A0OHBP molecule. In various ortho-substituted phenol studies, the O-H out-of-plane
bending vibrations are found in the frequency region 300-860 cm * [78]. In our case, the
different hydroxyl vibrations such as stretching, in-plane bending and out-of-plane

bending vibrations fall well within the expected range.

The C-C aromatic stretching vibrations give rise to characteristic bands in.both the
observed IR and Raman spectra, covering the spectral range from:650to 1650 cm™ [19,
70]. In this study, the bands identified at 193, 239, 355, 1077.cm™ have been assigned as
C-C stretching modes and the wavenumbers.corresponding to C=C stretching vibrations
are found within the range 193-1578 cm™=Among these modes, some of the vibrations
are found below the usual region and this is arising due to the substitution of heavy
substituent in the molecule. With heavy substituent, it has been observed that the
vibration shifts towards the lower wavenumber site [19]. The major PED contribution is
obtained at wavenumber of 1285 cm™ (84%). The CCC in-plane bending modes are
found at 148, 193,239, 355, 537, 566, 617, 623, 641, 810, 988, 991, 1241 and 1573 cm™
and the out-of-plane vibrations are noticed at wavenumbers 69, 266, 302, 483, 708 and
752 cmt. The most of CCC in-plane and out-of-plane assignments are matching well
with the values available in the literature and also with the experimental findings [75-76].
This indicates that the substitutions made on both the phenyl rings (phl and phll) do not
produce much influence to the vibrations of these modes. The results also confirm that

CCC in-plane and out-of-plane vibrations are mixed modes as they consist of some other
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vibrations such as C-H out-of-plane, O-H out-of-plane, C=0 and C=C stretching

vibrations.

Infrared Intensity And Raman Activities Analysis

In order to identify the proper functional groups of organic and inorganic compounds and
also to study the reaction mechanism of new compounds, Infrared (IR) and Raman
spectroscopic analysis are used as an effective tool [79]. It has been noticed that all the
fundamental vibrations are active in IR absorption and Raman scattering.-The IR
intensity and Raman intensity computed using different functionals are presented in
supporting information (Table S2). The average value of IR intensity calculated using HF
method is higher than the DFT methods. Butin case of DFT method the trend of average
IR intensities calculated using three different functionals is found to be B3PW91 > CAM-
B3LYP > B3LYP, whereas in case of Raman activities the trend is just reversed. This
means that the average value of Raman activities computed using DFT method is higher
than the HF method. It is found that B3LYP functional gives this highest average value of
Raman activities as compare to other functionals used in this study. The recent literature
survey reveals that' Raman intensities are mostly used nowadays in comparison to Raman
scattering.activities. The comparative representation of experimental and simulated IR

and Raman spectra are provided in Fig. 5.

CONCLUSIONS
In summary, DFT calculation using different functionals have been performed to

investigate the structural, electronic, vibrational spectra and nonlinear optical property of
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4-fluoro-4-hydroxybenzophenone molecule. The structural parameters computed using
B3LYP and B3PW91 functionals are in close agreement with the available experimental
data. As compare to gas phase, the dihedral angle between two benzene rings of
4F40HBP molecule slightly increases in case of solvent phase. The UV-visible spectra
analysis shows that the highest absorption peak of 4-fluoro-4-hydroxybenzophenone
molecule is shifted towards the higher wavelength or lower energy side as we:move from
gas phase to solvent phase, which confirms the occurrence of red shift in-the absorption
spectra. The NLO properties of the molecule suggest that it is a good candidate for NLO
applications and may help to design and synthesize new material with unique optical
property as well. Finally, most of the vibrational assignments agree well with the

experimental as well as earlier reported results.
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Table 1. Structural parameters (bond length, bond angles and dihedral angles) of 4-

fluoro-4-hydroxybenzophenone determined with HF, B3LYP, B3PW91 and CAM-

B3LYP using 6-311++G(d,p) basis set.

Bond length (A) HF B3LYP | B3PW9l1l | CAM-B3LYP | Experimental value
C1-C2 1.39 1.40 1.40 1.39 1.39
C2-C3 138 | 1.39 1.39 1.38 1.38
C3-C4 1.38 1.39 1.39 1.38 138
C4-C5 1.37 1.38 1.38 1.38 1.39
C5-C6 1.38 1.39 1.39 1.39 1.39
C6-C1 1.39 1.40 1.40 1.39 -
C2-H7 1.07 1.08 1.08 1.08 -
C3-H8 1.07 1.08 1.08 1.08 -
C4-F9 1.32 1.35 1.34 1.35 -
C5-H10 1.07 1.08 1.08 1.08 -
C6-H11 1.07 1.08 1.08 1.08 -
C1-C12 1.50 1.50 1.50 1.50 -
C12-013 1.19 1.22 1.22 1.21 1.23
C12-C14 1.49 1.49 1.49 1.49 1.50
C14-C15 1.39 1.40 1.40 1.39 1.39
C15-C16 1.38 1.39 1.38 1.38 1.40
C16-C17 1.39 1.40 1.40 1.39 1.35
C17-C18 1.39 1.40 1.39 1.39 1.37
C18-C19 1.38 1.39 1.39 1.38 1.41
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C19-C24 1.07 1.08 1.08 1.08 -
C15-H20 1.07 1.08 1.08 1.08 -
Cl16-H21 1.08 1.09 1.09 1.08 -
C17-025 1.34 1.36 1.36 1.36 -
025-H22 0.94 0.96 0.96 0.96 -
C18-H23 1.07 1.08 1.08 1.08 -
C19-H24 1.07 1.08 1.08 1.08 -

Bond angles (°)

C1-C2-C3 120.89 | 120.91 120.90 120.82 121.37
C2-C3-C4 118.42 | 118.38 118.41 118.31 118.57
C3-C4-C5 122.39 | 122.49 122.41 122.58 122.22
C4-C5-C6 118.46 | 118.41 118.44 118.38 118.03
C3-C4-F9 118.77 | 118.74 118.78 118.70 118.52
C4-C5-H10 119.89 1119.85 119.81 119.77 120.04
C5-C6-H11 118.91 | 119.13 119.25 119.22 119.27
C2-C1-C12 118.04 | 118.04 118.03 117.92 122.78
C1-C12-013 119.47 | 119.51 119.66 119.53 120.14
C1-C12-C14 120.33 | 119.51 119.89 120.18 118.94
013-C12-C14 120.20 | 120.31 120.45 120.29 120.89
C12-C14-C15 118.17 | 118.14 118.11 118.03 117.55
C14-C15-C16 121.06 | 120.99 120.95 120.91 120.40
C15-C16-C17 119.68 | 119.77 119.80 119.69 119.99
Cl6-C17-C18 120.11 | 120.08 120.02 120.18 120.03
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C17-C18-C19 119.59 | 119.64 119.66 119.61 120.07
C14-C15-C20 119.01 | 118.61 118.54 118.60 -
C16-C15-C20 119.93 | 120.39 120.51 120.49 -
C15-Cl16-H21 120.15 | 120.22 120.20 120.27 -
C17-Cl6-H21 120.17 | 120.00 119.99 120.03 -
C16-C17-025 122.36 | 122.55 122.52 122.44 -
C18-C17-025 117.53 | 117.37 117.45 117.38 -
C17-025-H22 111.35 | 110.04 109.75 110.32 -
C17-C18-H23 119.18 | 119.06 119.03 118.98 -
C19-C18-H23 121.22 | 121.30 121.31 121.40 -
C18-C19-H24 118.66 | 118.91 119.02 118.99 -
C14-C19-H24 120.18 | 119.98 119.90 120.02 -
Dihedral angles (°)

C2-C1-C12-013 30.81 }29.39 29.34 29.29
C6-C1-C12-C14 30.81. | 33,52 33.50 33.22
013-C12-C14-C15 | 26.51 | 24.86 24.83 25.12
C1-C12-C14-C19 |[30.44 | 28.99 29.03 29.10
H22-025-C17-C16 | -0.87 | -0.70 -0.65 -0.67
C6-C1-C14-C19 54.03 |51.91 51.95 51.81
H8-C3-C4-F9 0.11 0.03 0.04 0.09
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Table 2. Dihedral angles of 4-fluoro-4-hydroxybenzophenone for different solvent

phases determined with B3LYP functional using 6-311++G(d,p) basis set.

Dihedral angle (°) Gas Chloroform Ethanol DMSO
C2-C1-C12-013 29.39 31.06 31.77 31.87
C6-C1-C12-C14 33.52 34.92 35.55 35.64
013-C12-C14-C15 24.86 25.30 25.23 25.21
C1-C12-C14-C19 28.99 29.14 28.92 28.88
H22-025-C17-C16 -0.70 -0.66 -0.50 -0.47
C6-C1-C14-C19 51.91 53.37 53.76 53.81
H8-C3-C4-F9 0.03 -0.14 -0.23 -0.25
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Table 3. The energy gap (ELumo- Enomo), chemical reactivity parameters (ionization

potential, electron affinity, chemical hardness, chemical potential and electrophilicity

index) computed using various functional of the 4-fluoro-4-hydroxybenzophenone

molecule.
Reactivity parameters HF B3LYP B3PW91 CAM-
B3LYP

Energy gap (Eg) (eV) 9.945 4.717 4,742 7.399
lonization potential (I) (V) | 9.058 6.779 6.802 8.192
Electron affinity (A) (eV) -0.887 2.062 2.060 0.792
Chemical hardness(n) (eV) 9.945 4.717 4.742 7.400
Chemical potential (n) (eV) | -4.086 -4.421 -4.431 -4.492
Electrophilicity index () 0.839 2.071 2.070 1.364

(eV)
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Table 4. Nonlinear optical properties (dipole moment, polarizability and first
hyperpolarizability) calculated using different functionals for 4-fluoro-4-

hydroxybenzophenone molecule.

Parameters HF B3LYP B3PW91 CAM-B3LYP
O (22U 152.924 172.123 168.301 222.124
Oy (a.U.) 8.384 7.807 8.096 -3.289

ayy (a.U.) 108.243 113.526 111.079 149,718

o (a.U.) 32171 44.106 42.274 10.862

ay, (a.u.) -22.630 -30.198 -29.328 -0.507

oz (a.u.) 174.414 201.441 197.355 96.394

o (e.s.u.) 1.254x10™% 1.403x10™ 1.373x10™% 1.348x10™
Aa (a.u.) 363.921 410,948 401.913 387.927

1 (Debye) -0.056 -0.076 -0.057 0.972

1y (Debye) -0.263 -0.306 -0.290 -0.531

11z (Debye) -1.077 -1.127 -1.133 0.223

it (Debye) 1.110 1.171 1.171 1.130

Bk (a.U.) 225.138 435.463 404.252 -282.588
Bxxy () 1.941 22.410 18.492 602.648
Buyy (a.U.) -59.916 -79.369 -73.427 -44.050
Byyy (a.u.) 5.741 43.476 38.653 -6.199

By (a.U.) 186.100 287.940 275.504 24.701

Bxyz (a.U.) 93.111 153.529 140.122 15.411

Byyz (a.U.) -74.322 -151.428 -139.743 -1.284
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Bxzz (a.U.) -32.823 -80.586 -67.047 4.882

Byz (a.U.) 211.445 400.210 372.310 -8.475

Bzzz (a.U.) -383.985 -774.002 -725.625 2.921

B (e.s.u) 3.228x10™° 7.226x10™° 6.703x10™° 5.795%10™°
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Table 5. The UV-visible excitation energy, maximum absorption wavelength, oscillator

strength and major electronic transitions of 4-fluoro-4-hydroxybenzophenone molecule.

Absorption Excitation Oscillator | Major electronic transitions
wavelength A energy E strength f
(nm) (eV)
Gas 337.0 3.68 0.003 H-1-LUMO (45%), H-2—LUMO
(24%)
286.6 4.33 0.287 HOMO—LUMO (60%), H-1-LUMO
(28%)
264.4 4.69 0.004 H-3—LUMO (57%), HOMO—L+1
(19%)
Chloroform | 327.3 3.79 0.012 H-1—-LUMO (36%) H-3—-LUMO
(24%)
298.9 4.15 0.387 HOMO—LUMO (68%), H-1-LUMO
(20%)
270.0 4.59 0.007 H-2—LUMO (51%), H-3—-LUMO
(27%)
Ethanol 323.4 3.83 0.019 H-1-LUMO (30%), H-1-LUMO
(25%)
301.2 411 0.368 H-1-LUMO (19%), HOMO—LUMO
(67%)
272.3 4.56 0.007 H-3—LUMO (13%), H-2—-LUMO

(67%)
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DMSO 3235 3.83 0.024 H-1>LUMO (29%), H-3—LUMO
(24%)
302.4 4.10 0.388 HOMO—LUMO (66%), H-1 >LUMO
(20%)
2726 455 0.008 H-2—LUMO (69%), H-2—>LUMO

(69%)
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Table 6. Vibrational assignments of observed, calculated (scaled) frequencies with

different functional and the percentage of potential energy distribution of 4-fluoro-4-

hydroxybenzophenone molecule.

Obs | Experimental | HF/6- | BSLYP | B3P | CAM- | Assignments (PED > 10%)
IRv | Rama | 311++ | /6- W91/ | B3LYP
nos | (cm” | nv G(,p) | 311++ |6- /6-
b (cm™) G(d,p) |311+ |311G+
+G(d, | +(d,p)
P)
1 |- - 35 37 37 38 1[(CCCC) (CCCO)] (89)
2 |- - 52 52 52 54 1(CCCC) (30), 5(CCC) (53)
3 |- 59 69 69 69 72 t[(CCCC) (CCCO)] (37), t(CCCC)
(phl) (14), 1(CCCC) (phll) (14),
v(CCCC) (16),
4 |- 84 104 . |99 99 104 7[(CCCC) (CCCO)] (45), 1(CCCC)
(phll) (12)
5 |- 119° [151 | 148 147 | 154 1(CCCC) (phl) (20), T(CCCC)
(phll) (18), 8(CCC) (23), v(FCCC)
(phl) (10)
6 |- 161 |196 | 193 190 [ 199 §(CCC) (56), v(FCCC) (phl) (10)
7 |- - 239 | 239 238 | 247 v(C-C) (26) s, 5(CCC) (phl) (13),
§(CCC) (phll) (12), §(CCC) (19)
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8 274 | 266 263 | 276 v(CCCC) (28), (CCCC) (phl) (10),
1(CCCC) (phll) (28)

9 270 295 | 302 300 [314 [ v(CCCC) (32), (CCCC) (phl) (17),
1(CCCC) (phll) (15), 3(CFC) (phl)
(12)

10 318 |313 | 335 343 [340 | ¢(HOCC) (phil) (91), 8(CFC) (phl)
(10)

11 359 | 355 353 [367 | w(C-C)(17)as, 5(COC) (21),
8(CCC) (phl) (15), 5(CCC) (phll)
(18), 3(CFC) (phl) (10)

12 401 | 391 389, [ 404" | §(CFC) (phl) (30), 5(COC) (phll)
(26)

13 411 | 402 399 | 415 3(CFC) (phl) (18), 5(COC) (phll)
(24), 1(CCCC) (phl) (13), ((CCCC)
(phll) (15)

14 416, | 406 403|421 | ¢(CCCC) (phl) (27), (CCCC)
(phll) (44)

15 425 | 416 413|431 | ¢(CCCC) (phl) (48), ((CCCC)
(phll) (31)

16 493|483 482|501 v(FCCC) (phl) (31), ((CCCC) (phl)
(36), v(CCCC) (10)

17 504 | 488 486 | 506 v(OCCC) (phll) (31), (CCCC)
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(phIl) (35), (CCCC) (11),

18 | 491 550 [537  |534 [555 | §[(CCC)(COC)] (18), v(FCCC)
(phl) (10), ¥(OCCC) (phll) (10)

19 | 511 573 [566 | 563 |585 | &(COC) (23), 5(CCC) (phll) (17),
8(CCC) (phl) (14)

20 |584 |568 |623 |617 |611 |636 | 5(CCC) (phl).(67)

21 627 |623 | 617 |642 | 3(CCC) (phll)(59)

22 646 |641 | 640 |663 | w(C-C)(16)s, 5(CCC) (phll) (21)

23 683 | 662 | 660 |687 . | (CCCC) (phl) (31), 7(CCCC)
(phll) (28)

24 666 | 666 |725 |708 | 705, |.736 | t(CCCC) (ph) (33), ((CCCC)
(phll) (32), v(CCCC) (12)

25 | 685 780 [752 | 750 |783 | ¢(CCCC) (phll) (19), v(OCCC)
(19), ¥(CCCC) (12)

26 801 [791  |788 [820  [w(C-F) (phl) (12), v(HCCC) (11),
8(CCC) (phl) (17)

27 818 793 | 791 [826 | v(HCCC) (phll) (75)

28 828 [801 | 797 |834 | v(HCCC) (phl) (95)

29 | 770 840 810 |810 |842 | §(CCC) (phll) (11), v(C-O) (phil)
(11), v(C-C) (phll) (16) s

30 |8ll 855 822 | 819 [856 | v(HCCC) (phll) (51)
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31 [819 |836 |871 |837 833 | 872 1(CCCC) (phl) (10), v(CHCC) (phl)
(52)

32 912 | 905 904 | 940 8(COC) (20), v(C-C) (phl) (10),
v(C-C) (phll) (10) as

33 | 840 977 933 926 974 7(CCCC) (phll) (12);%(HCCC)
(pht) (54), v(HCCC) (phll) (18)

34 | 848 980 | 934 928 | 976 1(CCCC) (phlD) (12), v(HCCC)
(phl) (13), v(HCCC) (phll) (52),

35 | 866 996 | 947 941|989 v(HCCC) (phl) (34), v(HCCC)
(phll) (53),

36 | 930 999 | 952 947" ['994 v(HCCC) (phl) (56), v(HCCC)
(phll) (30),

37 1001 |.988 982 [1020 | v(C-C) (phl1) (36) s, 5(CCC) (phlI)
(44)

38 1002 | 991 985 1022 | w(C-C) (phl) (36) s, 5(CCC) (phl)
(44)

39 1061 1077 1070 | 1105 S3(CHC) (phl) (62), v(C-C) (phl)
(28) as

40 1078 [1085 |1078 |1115 | §(CHC) (phll) (55), v(C-C) (phll)
(24) as

41 1118 |- 1120 | 1121 [ 1122 [1160 |w(C-C) (29) as
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42 |- - 1130 [1130 [1123 [1162 [ §(CHC) (phl) (65)

43 |- - 1147 [1145 [1141 |1172 | §(CHO) (phll) (45), 5(CHC) (phll)
(15), v(C-C) (phll) (20) as

44 11148 [ 1146 [1161 |1149 [1143 [1179 | 5(CHC) (phll) (63)

45 1168 |- 1164 [1196 | 1204 [1245 | v(C-C) (phl) (17) as;w(C-F).(49),
3(CHC) (phl) (15),.8(CCC) (phl)
(11)

46 | 1175 1224 |1237 [ 1245 [1285 | v(CC)(phll) (14), v(C-C) (29) as,
v(C-0) (27)

47 11230 | - 1237 1241 1248 | 1287 V(C-C) (25) as, v(C-0) (23),
§(CCC) (phll) (13)

48 | 1287 1259 [1270 [1257. | 1302 | §(CHC) (phl) (84)

49 11299 |- 1272 [ 1282 . [ 1277 [1308 | w(C-C) (phll) (26) as, S(CHC)
(phll) (40)

50 | 1315|1227 |4295 .[.1285 [1304 |1317 | v(C-C) (phl) (84) as

51 [1360 [ 1283 [1321 [1315 [1326 | 1341 |+v(C-C) (phll) (60) as, 5(CHO)
(phll) (15), 8(CHC) (phll) (22)

52 |1408] - 1399 [1379 [ 1378 |1428 | v(C-C) (phl) (47) as, 5(CHC) (phl)
(37)

53 | 1444 |- 1424 | 1403 [ 1402 | 1452 [+v(C-C) (phll) (40) as, 5(CHC)
(phil) (29)

54 | 1505 1511 [ 1472 [ 1470 [1527 | v(C-C) (phl) (30) as, 5(CHC) (phl)
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(45)

95 1562 | - 1519 1479 1479 | 1536 v(C-C) (phll) (30) as, 5(CHC)
(phil) (42)

56 | 1513 1598 | 1558 | 1564 | 1628 | v(C-C) (phll) (73) as

57 | 1572 | 1561 | 1600 | 1561 1568 | 1632 v(C-C) (phl) (69) as

58 | 1586 | 1583 | 1619 | 1573 1581 | 1645 v(C-C) (phl) (54):as, 8(CCC) (phl)
(10), 3(CHC) (phi) (10),

59 | 1604 | 1606 | 1623 |1578 | 1586 | 1648 | w(C-C)(phll) (52) as

60 | 1637 | 1631 | 1737 1639 1653 | 1726 v(C=0) (73)

61 |- - 3001 | 3032 3028 | 3116 v(C-H) (phll) (96) as

62 |3032 |- 3029 | 3063 3056 | 3144 v(C-H) (phl) (12) as , v (C-H) (phll)
(84) as,

63 |- - 3032 | 3066 . |3059 |3148 | v(C-H) (phl)(79) as, v (C-H) (phil)
(10) as

64 |- - 3036 | 3070 | 3064 |3151 | v(C-H) (phl) (93) as

65 |- - 3044 [3074 3068 |3155 | v(C-H) (phll) (93)s

66 | 3072 - 3046 | 3077 3072 | 3159 | v(C-H) (phll) (92) s

67 |3203- 3047 [3080 |3076 |3163 | v(C-H) (phl) (91) as

68 |8213 [ 3078 |[3051 |3082 |3077 |3164 | v(C-H) (phl) (96)s

69 | 3224 |- 3785 |3681 3692 | 3795 | v(O-H) (phll) (100)

v- stretching; 8- in-plane bending; v- out-of plane bending; - torsion; as- asymmetric; s-

symmetric
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Figure 1. Optimized geometry of 4-fluoro-4-hydroxybenzophenone molecule.
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Figure 2. Molecular orbital plot of 4-fluoro-4-hydroxybenzophenone molecule.
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Figure 3. (a) Molecular electrostatic potential; (b) Total electron density; (c) Electrostatic

potential plot of 4-fluoro-4-hydroxybenzophenone molecule.
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Figure 4. UV-visible absorption spectra of 4-fluoro-4-hydroxybenzophenone molecule

in (2) gas phase; (b) dimethyl sulfoxide; (c) chloroform; (d) ethanol.
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Figure 5. Experimental (top) and simulated (bottom) (a) Infrared spectra; (b) Raman

spectra of 4-fluoro-4-hydroxybenzophenone molecule
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